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Structures and dynamical properties of Cn , Sin , Gen , and Snn clusters with n up to 13
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Car-Parrinello molecular dynamics simulated annealings were carried out for clusters Sin , Gen , and Snn
(n<13). We investigate the temperature regions in which these clusters transform from a ‘‘liquidlike’’ phase
to a ‘‘solidlike’’ phase, and then from the ‘‘solidlike’’ phase to the ground-state structures. Additional simu-
lated annealing was also performed for the cluster C13 which is selected as a prototype of small carbon clusters.
In addition to the discovery of structures for Sn and Ge clusters, our simulation results also provide insights
into the dynamics of cluster formation.
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I. INTRODUCTION

Atomic clusters of semiconductor elements are of gr
interest and importance from both academical and tech
logical point of view. Cluster is an intermediate phase b
tween single atom and bulk materials. It has been sho
that, for example, small Si clusters are not simple fragme
of bulk tetrahedral lattices.1 A fundamental issue is to unde
stand how the atomic and electronic structures and prope
of the clusters change with its aggregation size increas
from single atom to bulk materials.

Over the past decade, semiconductor clusters, espec
carbon and Si clusters, have been a subject of inten
studies.1–5 The atomic structures of Sin and Gen have been
studied in detail forn<10 (n denotes the number of atom
in the clusters!.5 Very recently, knowledge of Sin structures
is extended to the medium-sizen511220.6 For Snn clusters,
it was shown that the structures are similar to those of
corresponding Si and Ge clusters forn<7.7 Cn clusters are
well studied.2,3 Their structures adopt either linear chains
monocyclic rings forn<19, and fullerene structures fo
n>24.8

In contrast to the progress in the structure determinat
the dynamics of the cluster formation is much less und
stood. Recently, we have systematically carried out pla
wave Car-Parrinello~CP! ab initio molecular dynamics
~MD! ~Ref. 9! simulated annealings for Sin , Gen , and Snn
clusters withn up to 13.10 Additionally, we have also per
formed such simulations for C13 which was selected as
prototype for small C clusters. In this paper, these simula
results are analyzed in order to gain some insights into
dynamics of cluster formation. New structures found for
and Ge clusters are also reported.

II. SIMULATION TECHNIQUES

CP MD is an efficient scheme to performab initio mo-
lecular dynamics simulations using the density functio
theory within the local density approximation~LDA !.11 CP
MD simulations had been successfully applied to many s
tems including melting of bulk Si,12 incomplete melting on
Si~111! surfaces13 and Ge~111! surfaces,14 and dynamical
properties of liquid Si and Ge.15,16The method has also bee
shown to work well in searching for the ground state str
PRB 610163-1829/2000/61~3!/2329~6!/$15.00
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tures of small Sin clusters (n,10).4 In the present CP MD
simulations, we used the Ceperley-Alder exchan
correlation potential functional with the parametrization
Perdew and Zunger.17 The electron-ion interaction is repre
sented byab initio norm-conserving pseudopotential18 in the
Kleinman-Bylander form.19 Specifically, for C a Car-von
Barth atomic pseudopotential3 was used withs nonlocality.
For Si, Ge, and Sn, we used the pseudopotentials withs and
p nonlocality.20 The Kohn-Sham orbitals were expanded in
plane-wave basis set with an energy cutoff of 35 Ryd for
and 10 Ryd for Si, Ge, and Sn. Only theG point was used in
the sampling of electronic structures since a large super
was used in the simulation.

The Verlet algorithm was used to integrate the equati
of motion. With the ‘‘preconditioned’’ method,21 we were
able to increase the integration time step to 6 a.u. for C
15 a.u. for Si, Ge, and Sn with the fictitious electronic ma
of 260 a.u. We used two separate Nose´ thermostats for the
ionic and electronic subsystems, respectively,22 when the
simulated clusters become metallic at high temperature
order to keep the system on the Born-Oppenheimer surf
The electronic Nose´ frequency was set to 100 THz while th
ionic Noséfrequency was set to 20 THz for Si, Ge, and S
but 50 THz for C, in accordance with their bulk maximu
phonon frequencies.23

In our simulations, the starting atomic configurations we
set up by random selections of atomic positions with a c
straint that the separation of any pair of atoms is not less t
the bulk bond length and all atoms are confined in a sm
cubic cell chosen such that its atomic density is roug
equal to that of the bulk. The small cubic cell is embedded
a large cubic supercell with edge equal to 35 a.u., and p
odic boundary conditions were imposed on the large cu
supercell. The size of the periodic supercell is large eno
to decouple the artificial interaction between the clusters.
example, for Sin , Gen , and Snn with n up to 30, the super-
cell would be expected to have more than 10 Å vacu
region since Si, Ge, and Sn clusters would adopt comp
structures. Although C13 could take a linear chain structure i
the annealing process, the chain length is estimated to be
than 28 a.u. Thus, even for C13, we will not have problems
with a supercell of 35 a.u. in each dimension.

In our simulations, Si, Ge, and Sn clusters were quic
heated to 3000, 2400, and 1980 K, respectively, in 3000 M
2329 ©2000 The American Physical Society
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steps~about 1.1 ps!, followed by another 3000 MD steps a
these temperatures to enforce them sufficiently in equi
rium. After that, the hot clusters were cooled down ve
slowly and uniformly to zero temperature in 60 000 M
steps~about 22 ps!. The cooling rates were 5, 4, and 3.3
per 100 MD steps for Si, Ge, and Sn, respectively.

The above simulated annealing procedure results
ground state structures for Sin , Gen , and Snn clusters up to
n513.10 We verify this by comparing with structures ob
tained from previous studies~e.g., those in Refs. 1, 4, and 5!.
We also cross checked our results by exchanging the s
tures of the Si, Ge, and Sn clusters of the same size obta
from the above simulated annealings, with a proper sca
~1:1.06:1.22 for Si:Ge:Sn! and relaxation. The clusters ob
tained from simulated annealing were reheated up to 8
600, and 400 K for Si, Ge, and Sn clusters, respectively,
another 4500 MD steps. All clusters are found to be sta
under these temperatures within the simulation time.

In order to examine the dependence of cluster structu
and dynamics on the simulated annealing conditions,
have performed another three independent simulated an
ings for Si13 with different starting configurations. The firs
two annealings were from 3300 and 3000 K, and with 10 a
12 Ryd as the energy cutoff, respectively. The third w
from 2500 K and with 10 Ryd as the energy cutoff, but t
cooling rate was reduced to 3.125 K per 100 MD steps.24 In
the end all these annealings for Si13 led to the same structur
shown in Fig. 2, which hasCs symmetry and is 19 meV

FIG. 1. Structures of Sin , Gen , and Snn (n53 –12!. For n<7
andn510, 12, Sin, Gen, and Snn share the similar structures. Not
the structure ofn56(a) is obtained by our simulation, which i
energetically degenerate with that ofn56(b) previously proposed
~Ref. 1!. Forn58 and 9, Sin and Gen adopt 8~a! and 9~a! while Snn

adopt 8~b! and 9~b!, respectively. Forn511, Sin adopts 11~a! while
Gen and Snn adopt 11~b!. The corresponding cohesive energies a
energy-gaps between HOMO-LUMO are summarized in Table
-
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atom lower in energy than theC3v isomer obtained in previ-
ous Car-Parrinello simulations.25 We perform one more
simulation starting from theC3v structure. After running
6000 MD steps at 3000 K, the cluster is gradually cooled
zero temperature. We again reached theCs structure as ob-
tained from the random starting configurations. With
these calculations, we are confident that we have located
global minima.

III. ANALYSIS AND RESULTS

We show the cluster structures obtained from our simu
tions in Figs. 1, 2, 3, and 4. The corresponding cohes
energies and energy gaps between the highest occupied
lecular orbit~HOMO! and lowest unoccupied molecular o
bit ~LUMO! are summarized in Table I. Our structures f
Sin (n<10) agree with the previously accepted ones.1,4,5Our
results show that Gen and Snn (n<12) share similar struc-
tures as Sin except for Sn8 , Sn9 , Sn11, and Ge11. The struc-
ture of Sn8 obtained from our simulated annealing is a pe
tagonal bipyramid with one atom added to it@Fig. 1 n
58(b)]. The structures of Sn9 consists of two tetragona
bipyramids @Fig. 1 n59(b)], and that of Sn11 is a penta-
capped trigonal prism@Fig. 1 n511(b)]. The structure of
Ge11 from our simulation as shown in Fig. 1n511(b) is
similar to that of Sn11. Nevertheless, as one sees from Ta
I, other isomers of Sn8 , Sn9, and Sn11 obtained by scaling
the ground state structures of Ge8, Ge9, and Si11 have ener-
gies very close to those of the ground state isomers. T
suggests that Sin , Gen , and Snn are very similar for clusters
up to n512.

FIG. 2. Final structure by the simulated annealing for Si13: ~a!
Side view;~b! other side view; and~c! top view. The corresponding
cohesive energy and energy-gap between HOMO-LUMO are
ported in Table I.

FIG. 3. Final structure by the simulated annealing for Ge13: ~a!
Side view;~b! other side view; and~c! top view. The corresponding
cohesive energy and energy-gap between HOMO-LUMO are
ported in Table I.
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For Si13 and Ge13, the lowest energy structures obtain
from the simulated annealings differ with each other ev
though both has aCs symmetry~Figs. 2 and 3!. The ground
state structure of Sn13 ~Fig. 4! hasC2v symmetry. ThisC2v
structure, if adopted by Ge13, will have an energy degenera
~within the accuracy of our calculations! to that of the struc-
ture obtained from the simulated annealing~see Table I!.
From Figs. 1, 2, 3, and 4 we see that forn.9 the clusters
Sin , Gen , and Snn all contain a similar structural motif in the
form of tricapped trigonal prisms~TTP! cluster with 9 atoms
@shown in Fig. 1n59(TTP)]. In previous work,6 it has been
demonstrated that this structural motif dominates the st
tures of Si clusters in the rangen510–20 before the well-
known ‘‘prolate-to-spherical’’ structural transition.26 Our
present simulated annealing results suggest that this s

FIG. 4. Final structure by the simulated annealing for Sn13: ~a!
Side view; ~b! other side view; and~c! top view. Note that when
Ge13 adopts this structure, it is degenerate in energy with that
shown in Fig. 3. The corresponding cohesive energy and ene
gap between HOMO-LUMO are reported in Table I.

TABLE I. Symmetries~sym!, calculated cohesive energies31 Ec

~eV/atom! and HOMO-LUMO energy gapEg ~eV! for the clusters
Sin , Gen , and Snn ranging fromn53 –13, which corresponding
geometries are shown in Figs. 1, 2, 3, and 4. Note ‘‘13~Si!,’’
‘‘13 ~Ge!,’’ and ‘‘Sn~13!’’ indicate their structures correspond to th
ones obtained from the simulated annealings for Si13, Ge13, and
Sn13, respectively.

Size Sym.
Ec

@Si#
Eg

@Si#
Ec

@Ge#
Eg

@Ge#
Ec

@Sn#
Eg

@Sn#

3 C2v 2.924 1.00 2.659 1.38 2.227 1.10
4 D2h 3.504 1.06 3.187 1.15 2.736 0.98
5 D3h 3.786 1.97 3.452 1.93 2.965 1.25
6~a! D4h 3.996 2.06 3.636 2.03 3.167 1.56
6~b! C2v 3.995 2.07 3.634 2.07 3.163 1.63
7 D5h 4.142 2.10 3.769 1.94 3.308 1.55
8~a! C2h 4.085 1.44 3.685 1.27 3.227 0.88
8~b! Cs 4.011 0.84 3.681 1.11 3.236 0.88
9~a! C2v 4.197 1.96 3.791 1.74 3.334 1.36
9~b! C2v 4.140 1.54 3.782 1.71 3.339 1.34
10 C3v 4.325 2.12 3.907 2.02 3.432 1.54
11~a! C2v 4.265 1.75 3.809 1.35 3.367 1.12
11~b! Cs 4.264 1.16 3.838 1.26 3.382 0.94
12 C2v 4.298 2.18 3.855 2.10 3.397 1.75
13~Si! Cs 4.298 1.02 3.843 1.02 3.387 0.70
13~Ge! Cs 4.284 1.03 3.856 1.16 3.393 0.84
13~Sn! C2v 4.261 0.78 3.857 1.16 3.407 0.80
n

c-

c-

tural motif is also applicable for Ge and Sn clusters in t
same range.

In order to gain some insights into the dynamics of t
cluster formation process, we select Sin with n57 and 13 as
the prototypes for further analysis. For Si13, the simulated
annealing process with the starting temperature of 3000
and cooling rate of 5 K per 100 MD steps is displayed in Fig
5. Every data point in this plot represents an average re
over an interval of 600 MD steps in order to filter out hig
frequency components due to thermal motion. From Fig. 5~a!
we see that the mean-square displacement~MSD! begins to
become flat around the temperature 2000 K. Above 200
the MSD of Si13 has drastic changes and fluctuations. Sin
the simulated clusters are not extended systems, we ca
simply relate the MSD to diffusion coefficient. Nevertheles
the drastic change of MSD with time indicates that the cl
ter is not in a stable phase. Even though there are some p
and valleys above 2000 K in Fig. 5~a!, they are too narrow to

e
y-

FIG. 5. Si13: ~a! mean square displacement vs annealing te
perature,~b! total potential energy vs annealing temperature, as
tained by the simulated annealing which started from 3000 K
ran with the cooling rate of 5 K per 100 MD step. An average ov
every 600 MD steps had been taken to filter out high thermal
quency components. 3000 MD steps are roughly equal to 1.1 p
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be considered as signals of meaningful metastable pha
An inspection of the animation of the simulation shows th
above 2000 K the Si13 sometimes dissociates into fragmen
mostly contain 4, 6, 7, 1, 3, or 5 atoms. Those peaks
valleys in the MSD above 2000 K are mostly correlated w
these dynamical dissociations. In our discussion, the phas
which the MSD of the clusters changes dramatically w
time is labeled as the ‘‘liquidlike’’ phase. On the contrar
the ‘‘solidlike’’ phase indicates that the cluster is in a me
stable or stable phase with a flat time-independent MSD
this language, Si13 is in a ‘‘liquidlike’’ phase above 2000 K,
and takes a transition from ‘‘liquidlike’’ phase to ‘‘solid
like’’ phase aroundT152000 K. Figure 5~a! also shows that
the last big jump takes place aroundT251100 K. This jump
indicates a transition from a metastable ‘‘solidlike’’ phase
the stable ‘‘solidlike’’ phase which leads to the ground-st
structure at zero temperature. Here we call the last st
phase ‘‘ground-state’’ phase. The above transition featur

FIG. 6. Si13: ~a! mean square displacement vs annealing te
perature,~b! total potential energy vs annealing temperature, as
tained by the simulated annealing which started from 2500 K
ran with the cooling rate of 3.125 K per 100 MD step. An avera
over every 600 MD steps had been taken to filter out high ther
frequency components. 3000 MD steps are roughly equal to 1.1
es.
t

r

in

-
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e
le
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also clearly reflected in Fig. 5~b!. In particular, the total po-
tential energy of the cluster decreases linearly with the
nealing temperature after 1100 K, which indicates the sta
phase has been reached by Si13. Between the transition tem
peraturesT1 and T2 there is another drastic transformatio
around 1600 K. Figure 6 displays another simulated ann
ing done for Si13, where the starting temperature is 2500
and the cooling rate is 3.125 K per 100 MD steps. As we
from Fig. 6, Si13 again experienced similar jumps aroun
2000, 1100, and also 1600 K. In this simulation, an ad
tional minor transition was observed around 1300 K. Bo
Fig. 5 and Fig. 6 show a similar behavior regarding the tr
sition from ‘‘liquidlike’’ phase to ‘‘solidlike’’ phase and the
jump to the ‘‘ground-state’’ phase. Similar formation dy
namics is also observed in the other simulations of Si13 with
different simulation conditions as discussed above. We m
thus infer that the transition behavior of Si13 is intrinsic.

For smaller clusters, there are fewer low-energy isom
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e
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FIG. 7. Si7: ~a! mean square displacement vs annealing temp
ture,~b! total potential energy vs annealing temperature, as obta
by the simulated annealing which started from 3000 K and ran w
the cooling rate of 5 K per 100 MD step. An average over ever
600 MD steps had been taken to filter out high thermal freque
components. 3000 MD steps are roughly equal to 1.1 ps.
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thus, the formation dynamics of Si7 is much simpler than tha
of Si13. The simulated annealing of Si7 is displayed in Fig.
7. We see that Si7 directly jumped from the ‘‘liquidlike’’
phase to the ‘‘ground-state’’ phase, namely, pentagonal
pyramid structure formed already around 2200 K. Format
dynamics of Si4 and Si6 also have a simple behavior, simila
to that of Si7. The ground structure phases of Si4 , Si6, and
Si7 can be maintained at much higher temperatures. T
simple formation dynamics may give us a clue for und
standing medium-sized Si cluster dissociation process w
Si4 , Si6, and Si7 are the most popular fragments.27

Our simulation results also show that Gen and Snn exhibit
formation dynamics similar to that of Sin clusters apart from
a scaling in temperatures. These results are summarize
Table II. From Table II it is also noted that the transitio
temperaturesT1, at which the clusters jump to th
‘‘solidlike’’ phases, are higher than the bulk melting tem
peratures for Si, Ge, and Sn, which are 1685, 1210, and
K, respectively. For Sn, even the transition temperaturesT2,
at which the Sn clusters transform into their ‘‘ground-stat
phases, are higher than the Sn bulk melting temperature
experiment it is found that the clusters Snn (n<50) never
melt or dissociate up to 600 K,28 suggesting that Sn cluster
may have melting temperatures higher than that of the b
crystalline phase. As we have shown in Fig. 1, Sn, Ge, an
clusters in small and medium size range do not resemble
fragment of the corresponding bulk systems. Thus it is
surprising that their ‘‘melting’’ temperatures are higher th
the corresponding bulk ones because of the essential di
ence in structure.

For C13, we performed three independent CP simulat
runs by cooling the sample from 4500, 4000, and 3500
respectively. Even though the starting configurations w
compact structures, the first and second annealings led t
open linear-chain structure while the third annealing yield
a monocyclic ring@shown in Fig. 8~a!#, which is energeti-
cally much lower than that of the open chain. The animat
of the first and second annealing simulations shows
above 3500 K the C atoms sometimes form a ring and so
times an open-chain where the open-chain structure
much more probability than the ring structure. When t
temperature continues to decrease the system is locked

TABLE II. TemperaturesT1 and T2 at which the simulated
clusters Sin , Gen , and Snn (n54 to 13! take the transition from a
‘‘liquidlike’’ phase to a ‘‘solidlike’’ phase and jump to the
‘‘ground-state’’ phase, respectively. The unit in temperature is

Size T1 @Si# T2 @Si# T1 @Ge# T2 @Ge# T1 @Sn# T2 @Sn#

4 2400 2400 2000 2000 1800 1800
5 2400 1700 2000 1400 1700 1100
6 2400 2400 2000 2000 1800 1800
7 2200 2200 1900 1900 1600 1600
8 2100 1700 1900 1400 1600 1400
9 1800 1300 1800 1300 1700 900

10 2000 1500 1900 1300 1500 1100
11 2000 1400 1700 1000 1500 1000
12 1900 1300 1600 1000 1500 900
13 2000 1100 1600 1000 1400 900
i-
n
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the open-chain structure and no longer goes to the ring st
ture. This result suggests that above 3500 K the open-c
structure has larger entropy than the ring structure, and th
also exists a quite large entropy barrier between these
kinds of structures. In the third annealing, an open ch
structure never happens. A tadpole structure predomin
above 3000 K, which is a monocyclic ring with a small lin
ear chain attached to the ring.29 In our simulation, the tadpole
structure with 4 atoms in the chain@shown in Fig. 8~b!# has
the most probability while the others with 3, 2, and 1 ato
in the chains are also found. A monocyclic ring structu
appears below 3000 K and remains to the end of simulat
although large distortion, vibration, and rotation occur duri
the simulation. In the recent experiment of mobility measu
ments for Carbon cluster anions,30 the tadpoles are recog
nized as the metastable isomers, which occurs in the e
stages of Carbon cluster growth. Our simulation and the
periment are thus in an agreement.

IV. CONCLUSION

We have demonstrated that CPab initio MD simulations
can be extended to medium-sized semiconductor cluster
study dynamical properties and ground structures of the c
ters. Our simulation results show that C13 prefers a monocy-
clic ring structure, while Si, Ge, and Sn clusters have m
compact geometries. These cluster structures are very di
ent from any fragment of the corresponding bulk materia
New structures are found for Sn and Ge clusters from
simulations. By analyzing the trajectories of our simulatio
we are able to identify the transition from the ‘‘liquidlike’
phases to the ‘‘solidlike’’ phases, and the transitions amo
the different isomers during the cluster formation process
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FIG. 8. C13: ~a! monocyclic ring as the ground structure;~b!
tadpole structure with 4 atoms in the attached chain, which w
found to have the most probability to appear in the simulated
nealing when the temperature is above 3000 K, but less than 3
K.
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